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Abstract
The effects of oxygen flow speed and pressure on the iron and mild steel combustion are investigated
experimentally and theoretically. The studied specimens are vertical cylindrical rods subjected to an ax-
ial oxygen flow and ignited at the upper end by laser irradiation. Three main stages of the combustion
process have been identified experimentally: (1) Induction period, during which the rod is heated un-
til an intensive metal oxidation begins at its upper end; (2) Static combustion, during which a laminar
liquid “cap” slowly grows on the upper rod end; and, after the liquid cap detachment from the sample,
(3) Dynamic combustion, which is characterized by a rapid metal consumption and turbulent liquid
motions. An analytical description of these stages is given. In particular, a model of the dynamic com-
bustion is constructed based on the turbulent oxygen transport through the liquid metal-oxide flow.
This model yields a simple expression for the fraction of metal burned in the process, and allows one to
calculate the normal propagation speed of the solid metal–liquid interface as a function of the oxygen
flow speed and pressure. A comparison of the theory with the experimental results is made.
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I. INTRODUCTION
Since the 1950’s, combustion of metals has attracted much attention on account of its nu-
merous practical applications. This interest is motivated by two important features of this pro-
cess, namely, the large heat of combustion and the refractory nature of metal oxides. The re-
search has been focused primarily on the propulsion technologies which use metallic particles
as high-energy additives in propellants to increase the specific impulses and combustion sta-
bility of solid rocket motors [1, 2]. The refractory nature of combustion products, on the other
hand, has been exploited to synthesize a wide range of materials, including (nano) powders, in-
termetallics, composites, and functionally graded materials [3–7]. Many important results have
been obtained in these directions which are still subjects of ongoing intensive experimental
and theoretical studies [8–15].
Yet, the large amount of energy released by a burning metal has undesirable consequences
and represents a source of significant fire hazards, especially when metals are used in high-
temperature and/or high-pressure oxidizing environments such as those prevailing in nuclear
plants and oxygen supply systems [16, 17]. The research conducted in metal-fire prevention
has mostly consisted in carrying out standard tests that quantify the relative flammability of
different metals, that is their relative propensity to sustain combustion of metallic materials of
standardized dimensions in oxygen atmospheres [18]. Surprisingly enough, no single test has
been developed to date that could provide either absolute ignition limits, or consistent relative
ratings for all materials. The reason is probably that a comparatively few effort is devoted to
this topic of basic research which is barely covered in the literature. Specifically, theoretical
attempts to understand and describe the nature of combustion of bulk metallic materials have
been hardly undertaken [19, 20], and to the best of our knowledge, the effect of the melt flow
hydrodynamics on the burning process has never been addressed, although its importance has
been highlighted [21, 22].
The present contribution represents an effort to fill this gap. We report an experimental and
theoretical investigation of initiation and progression of the metal combustion in an oxygen
flow under normal and elevated pressures. The studied specimens are vertical cylindrical rods
ignited by heating up their top surfaces with a laser beam. The experiment shows that the com-
bustion process consists of the following essentially different stages. An induction period, dur-
ing which the rod is heated up to a temperature at which an intensive metal oxidation begins
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Figure 1. Experimental setup
at its upper end. This step is followed by a static combustion regime, during which liquid metal
melted by the laser radiation slowly oxidizes, and a liquid “cap” grows on the upper rod end.
Then, after a slow detachment of the liquid cap from the sample end, a dynamic combustion
begins, which is characterized by a rapid metal consumption and much faster liquid motions.
This is the main stage of the combustion process, insofar as most of the metal is burned within
it. It turns out to be possible to give an analytical description of these stages which goes beyond
mere order-of-magnitude estimates, and in most cases provides a satisfactory quantitative ac-
count of the results of observations.
The paper is organized as follows. Section 2 describes the experimental setup. In Section 3,
we present and discuss our experimental results for pure iron and mild steel samples. The the-
oretical description is developed and compared to the experimental data in Section 4. Section
5 summarizes our results.
II. EXPERIMENTAL SETUP AND PROCEDURE
We studied combustion of 3.0 mm-diameter iron and mild steel rods in an oxygen atmo-
sphere at different pressures and different oxygen flow speeds. The experimental approach
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provides time-resolved surface temperature, ignition temperature, and high-speed imaging of
the heating, ignition, and combustion stages of the metal specimens.
A schematic of the experimental setup used in this study is shown in Fig. 1. The setup in-
cludes a high-pressure combustion vessel, a high-speed camera, a mass flow controller, and a
continuous fiber laser.
The high-pressure combustion vessel is a 13 l-capacity, Inconel cylindrical chamber de-
signed to sustain static pressures up to 40 bar and equipped with five silica windows for optical
access. Four windows provide visual access (perpendicular and at 45°, from above, to the
cylinder axis), while the fifth, located at the top of the cylinder, lets the laser beam pass into
the combustion chamber. The pressure inside the vessel is monitored by means of a pressure
sensor.
The material investigated are extra-pure iron (Goodfellow, FE007925, purity 99.99%) and
mild steel (S355J2). The samples are cylindrical rods 15-35 mm in length and 3 mm in diameter.
The oxidizing atmosphere is supplied by an oxygen gas stream (minimum purity 99.5%), and is
carried into the pressure vessel by a stainless-steel flexible tube before flowing out through the
glass tube at a constant flow rate ranging from 0 to 45 m3/h. The oxygen flow rate is externally
adjusted by a manual valve and measured by a thermal mass flow meter.
Ignition is effected by heating up the sample’s top surface by a disk laser (TRUMPF TruDisk
10002) operating at 1030 nm. The laser beam is delivered through an optical fiber with a core
diameter of 600 µm, providing a uniform intensity distribution. The beam is imaged onto the
top of the rod by a set of three lenses (200, 650 and -1000 mm). The circular beam spot size
thus obtained is 3.1 mm in diameter, which ensures a homogeneous heating of the rod surface.
Ignition was achieved by varying the laser intensity from 40 to 250 MW m−2 (corresponding to
the laser power from 320 W to 2 kW) and the pulse duration from 5 ms to 1 s.
The sample burning was visualized using a high-speed camera (Ultima 1024 Photron), with
the optical axis perpendicular to the sample axis (position 1), which may operate at a frame rate
up to 4 kHz. Measurement of the top surface temperature of the rod during the ignition and
combustion was achieved by recording the heating radiation emitted by the burning sample in
the 800-950 nm wavelength range, with the same high-speed video camera (position 2 - camera
axis tilted 45◦ with respect to the rod axis). Details of the pyrometer calibration are given in
[23]. The camera and the laser were triggered by the same signal, ensuring synchronous data
acquisition. The timer is set so that the instant t = 0 is the beginning of the laser pulse.
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Figure 2. Top surface of a mild steel rod during laser heating at 1 kW in still oxygen
The experiment proceeds as follows. The top surface of each sample is first treated with a
rough sand paper to ensure sufficient and repeatable absorptivity of the laser radiation. The
sample is then housed inside the vessel, where it is fixed at its bottom in a small chuck and
partly placed inside a borosilicate glass tube (with an inner diameter of 16 mm). Next, the
chamber is purged and filled with oxygen at the desired pressure. After that, an extra oxygen is
allowed to stream inside the charged chamber through a glass tube. The rate of the oxygen flow
is adjusted by a manual valve so as to reach the desired value of the enclosure pressure. Once
ready, the triggering signal is sent.
III. EXPERIMENTAL RESULTS
A. Ignition and burning in a still oxygen atmosphere
As a preliminary step, we studied metal combustion in the absence of oxygen flow under
normal pressure.
The sequence of images in Fig. 2 shows evolution of the top surface of a mild steel rod ex-
posed to a 1 kW laser radiation. On the time interval t . 10 ms, the surface undergoes a slow
solid-state oxidation process at temperatures below 840 K. Above this temperature, the rate of
oxidation significantly increases, as is evidenced by the surface darkening due to a sharp in-
crease of the surface absorptivity from 0.45 to 0.7 [24]. This behavior has been observed for
iron and mild steel samples for all laser powers from 180 to 4000 W, though the temperature at
which it occurs increases with the laser power to about 1000 K at 4 kW.
After this period of slow heating, during which the sample remains in a solid state, a much
hotter luminous zone appears on the surface. The sharply increased luminosity clearly indi-
cates the metal melting, which is also confirmed by the loss of granular structure on the surface
(see Fig. 3(a) at t = 702 ms). For a sufficiently low laser power, Fig. 3(a), this area first appears at
the center and then extends over the entire surface. At higher laser powers, however, melting
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Figure 3. Top surface of a mild steel rod during laser ignition: (a) 180 W, (b) 1.5 kW.
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Figure 4. The top surface temperature of an iron and a mild steel rods during laser irradiation at 320 W
in oxygen.
occurs uniformly over the surface due to the low surface temperature gradient, Fig. 3(b). No
ignition was ever observed when the irradiation was interrupted before the onset of melting.
The melting of the top surface was tracked by the high-speed camera (in position 2) during
the laser heating process in oxygen leading to ignition with various laser powers. Emissivity of
the sample was assumed to be 0.75 when the temperature exceeds 840 K, in accordance with
the absorptivity measurements reported in [24]. Temperature measurements were averaged
over a spot of about 0.5 mm in diameter at the center of the top surface.
Figure 4 shows typical averaged temperature of an iron and a mild steel rods during the last
stage of heating by a 320 W laser. The curves consist of three clearly distinguished pieces. Be-
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fore ignition, piece (A), the rate of the surface temperature increase is controlled by the laser:
it is a resultant of the laser energy input and the energy loss due to the heat conduction into
the sample bulk (in the present case this rate is approximately 5×103 K·s−1). Piece (B) is char-
acterized by a significantly larger slope: the rate sharply rises to about 140× 103 K·s−1. This
means that a new mechanism of heat production comes into play, namely, the iron oxidation.
Indeed, the rate change-over occurs at 1650 K, which corresponds to the melting point of FeO
[25]. It is thus explained by an enhanced supply of oxygen to the fresh metal. In fact, the oxygen
diffusion coefficient in liquid FeO is several orders of magnitude larger than that in solid FeO
[26], a thin layer of which covers the metal and grows during the heating stage prior to ignition.
Our experiments show that this layer retains its protective properties up to 1650 K for all laser
powers in the range 180 W to 2 kW. Furthermore, we observed a similar behavior of iron rods
under elevated oxygen pressures (10 and 20 bar). This is as it should be according to the above
explanation, for the melting point of FeO changes insignificantly with pressure [27].
But shortly after the sharp rise, the heating rate drops down to approximately the same value
as in (A), which happens at around 2300 K. This means that above this temperature, on piece
(C), the heat released by iron oxidation is spent almost completely on the iron melting. The
iron melting point itself, Tm = 1811 K, is not distinguished in any way on the plots of Fig. 4,
because of the latent heat. The heat of iron fusion is Qm = 13.8 kJ/mol, while its heat capacity
cp = 25.1 J/(mol·K), so that the iron melting fully establishes only at a temperature Ta = Tm +
Qm/cp ≈ 2360 K, and then begins to spread down the rod. As the result, a liquid drop grows at
the upper rod end, while its apparent temperature (that is, temperature of the drop top surface)
continues to rise, though in a much less regular way, because of the more complicated heat
transfer in the moving melt. It can reach values as high as 2900 K, depending on the laser
power and the exposure time.
Once the laser ceases, only the heat from the oxidation reaction is transferred to the rod. If
it is not enough to melt the fresh metal, the burning liquid gradually cools down and eventu-
ally extinguishes. Otherwise, the combustion enters in a self-sustained regime when the fresh
molten metal is delivered into the burning drop until it detaches from the rod, leaving a small
amount of molten material on its top. In this case, the liquid temperature decreases and settles
at approximately 2400 K. The cycle of the drop growth and its detachment then repeats itself
until the sample is consumed. Time-resolved images of both situations are shown in Fig. 5, for
pure iron and the laser power of 640 W. A comprehensive description of this process using the
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(a)
(b)
Figure 5. Infrared images (800-950 nm) of a pure iron rod while burning in the static combustion regime
(640W) for pulse durations of : (a) 130 ms leading to extinction; (b) 150 ms leading to self-sustained
combustion, and then to propagation (modified contrast).
phase diagram of the iron-oxygen system is given in [28].
B. Burning in an oxygen flow. Normal pressure
We now turn to the combustion of metal rods subject to an oxygen flow. Our aim is to study
the effects of the oxygen flow speed and its pressure.
Figures 6-8 are sequences of images of mild steel rods burning in oxygen flowing at speeds
from v0 = 1.7 m·s−1 to v0 = 60 m·s−1 and various laser powers. In all tests performed, the com-
bustion process ultimately evolved into one of two different self-sustained regimes. At the low
flow speeds v0 .1.7 m·s−1, Figs. 6(a) and (b), the rod burning is quite similar to that observed
in the experiments with no oxygen flow, that is, consumption of the rod proceeds through the
cycle of growth and detachment of a liquid cap. The detached molten material was often ob-
served to precess around the burning rod as it was running down along it. A different behavior
was observed for v0 &2 m·s−1. Figures 6(c),(d) and Figs. 7, 8 show that in this case, the liquid
continues to flow down after the drop fall, which leads to a gradual erosion of the rod on one of
its sides with an increasingly steep slope. It never progresses in a symmetrical way with respect
to the rod axis.
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(a)Oxygen flow speed : 1.7 m·s−1, laser power : 640 W, laser pulse duration : 235 ms
(b)Oxygen flow speed : 1.7 m·s−1, laser power : 4 kW, laser pulse duration : 65 m.
(c)Oxygen flow speed : 10 m·s−1, laser power : 180 W, laser pulse duration : 950 ms
(d)Oxygen flow speed : 10 m·s−1, laser power : 2 kW, laser pulse duration : 60 ms
Figure 6. Infrared images (800-950 nm) of the propagation of combustion on mild steel rods for dif-
ferent oxygen flow speeds and different laser powers. The laser input energies are at the propagation
thresholds.
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(a)Oxygen flow speed : 30 m·s−1, laser power : 1 kW, laser pulse duration : 50 ms
(b)Oxygen flow speed : 30 m·s−1, laser power : 3 kW, laser pulse duration : 15 ms
(c)Oxygen flow speed : 40 m·s−1, laser power : 640 W, laser pulse duration : 72 ms
(d)Oxygen flow speed : 50 m·s−1, laser power : 4 kW, laser pulse duration : 12 ms
Figure 7. Same as in Fig. 6.
The measured temperature and position of the upper end of a mild steel rod are plotted
against time in Fig. 9. In all cases presented in this figure, the laser is switched off once the
sample was ignited, so that the subsequent rod burning is self-sustained. We observe that
• The onset of propagation (indicated in the graphs by “fall of the liquid”) always corre-
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(a)Oxygen flow speed : 30 m·s−1, laser power : 180 W, laser pulse duration : 780 ms
(b)Oxygen flow speed : 60 m·s−1, laser power : 640 W, laser pulse duration : 65 ms
Figure 8. Same as in Fig. 6.
sponds to a considerable decrease of the surface temperature which varies significantly
with the oxygen flow speed: whereas it is in the range 2250÷2500 K for v0 =10 m·s−1, it
drops down to 1950÷2100 K for v0 =60 m·s−1.
• The rate of rod regression grows rapidly with the oxygen flow speed.
• The temperature and position curves for v0 Ê 10 m·s−1 show a good collapse upon match-
ing the moments corresponding to the onset of dynamic combustion.
The last observation means that for sufficiently large oxygen flow speed, the properties of dy-
namic combustion are independent of the preceding rod evolution, in particular, of the laser
power and other specifics of ignition. The main goal of the subsequent theoretical development
is to describe analytically these properties, in particular, to account for the observed increase
of the metal consumption rate with the oxygen flow speed. Experimental results on the rod
combustion under elevated pressures will be presented afterwards.
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(a)Oxygen flow speed : 10 m·s−1
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(b)Oxygen flow speed : 10 m·s−1, shifted time
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(c)Oxygen flow speed : 30 m·s−1
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(d)Oxygen flow speed : 30 m·s−1, shifted time
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(e)Oxygen flow speed : 60 m·s−1
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(f)Oxygen flow speed : 60 m·s−1, shifted time
Figure 9. Temperature and position of the rod top surface against time for different oxygen flow speeds.
Figures (b)(d) and (f ) are the same as figs (a)(c) and (e), with the time t = 0 corresponding to the fall of
the liquid.
IV. ANALYTICAL DESCRIPTION OF THE ROD COMBUSTION
The series of side-view images in Fig. 10 represents a typical history of the rod evolution
showing its main stages: an induction period preceding the static combustion, the initial phase
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Figure 10. Regression of a carbon steel rod in an oxygen flow of 10 m·s−1 speed
of which is seen on the second frame, and which ends at t = 400 ms with the fall of the liquid
cap; it is followed by the rapid dynamic combustion characterized by a large slope of the inter-
face between solid metal and thin liquid flow. In this natural order these stages are described
analytically in Secs. IV A–IV C, respectively.
A. Induction stage
Given the above-described experimental conditions, we consider an iron or steel cylindri-
cal sample placed vertically, and assume that its length, L, is much larger than the diameter d
of its circular cross-section. Let the upper end of the sample be laser-irradiated for a time te ,
the power I of the electromagnetic radiation being uniformly distributed across the face sur-
face and constant during the exposure time, Fig. 11. Since this surface is perpendicular to the
sample axis, the radiation heat loss is negligible, and the sample is initially homogeneous (in
particular, its initial temperature T0 is constant), the heating process is one-dimensional. It can
be described by the following equation
∂T
∂t
=χ∂
2T
∂x2
+αδ(x), α= 2I
ρcp s
, (1)
where x is the axial co-ordinate, χ,ρ, and cp are the metal thermal diffusivity, density and spe-
cific heat, respectively, s = pid 2/4, and the Dirac’s function describes the heat release due to
the irradiation of the surface x = 0. Assuming ρ,cp independent of temperature, the solution of
this equation, satisfying given initial (T = T0 at the initial instant t = 0) and boundary condi-
tions (absence of heat losses at the sample surface) reads
T (x, t )= T0− α|x|
2χ
+ α
4
√
piχ3t
+∞ˆ
−∞
d x ′|x ′|exp
{
− (x−x
′)2
4χt
}
. (2)
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Figure 11. The laser-irradiated metal rod.
The integral over x ′ is to be taken here over a domain symmetric with respect to the origin
to guarantee vanishing of the heat flux at the upper end, and extending this domain over the
whole infinite line implies neglecting effects related to the lower sample end.
As intensive metal oxidation (i.e., ignition) begins once the metal is melted, the ignition time,
ti , is equal to the exposure time needed to reach the melting temperature, Tm , at the surface
x = 0. Therefore, we find from Eq. (2)
Tm −T0 = α
4
√
piχ3ti
+∞ˆ
−∞
d x ′|x ′|exp
{
− x
′2
4χti
}
=α
√
ti
piχ
,
which after substitution of the expression for α yields the induction time
ti = piχ
4
[
ρcp (Tm −T0)s
I
]2
. (3)
For the purpose of experimental verification, it is convenient to rewrite this formula by not-
ing that it implies a linear relation between the laser power and the total energy, E = I ti , trans-
ferred to the sample during the induction period, namely,
E = β
I
, β≡ piχ
4
[
ρcp (Tm −T0)s
]2 . (4)
Figure 12 compares this formula with the experimental data.
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Figure 12. Total energy required to ignite a stainless steel rod of 3mm diameter as a function of inverse
laser power. The line represents the best linear fit, the marks – experimental data.
B. Static combustion
Subsequent to ignition is the stage of static combustion. As we have seen, during this stage
liquid metal melted by the laser radiation is slowly oxidized, the energy released in the chemical
reaction being spent primarily on further reheating of the liquid cap growing on the upper rod
end. The heat outflow from this region to the solid part is weak despite the temperature rise,
because the cap thickness is comparatively large (of the order of the rod diameter), so that the
temperature gradient is relatively small. The shape of the cap and its kinematics are controlled
by the surface tension and gravity. The latter affects the liquid in two ways: one is the usual
bulk force acting on each liquid element, and the other is the baroclinic effect – gravity-induced
vorticity generation at the solid-liquid interface. The value of the liquid velocity curl, ω, at this
interface is [29]
ωg = θ−1
θ
g sinϕ
un
, (5)
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Figure 13. Flow structure in the liquid cap on inclined interface. Shown are two neighboring stream lines
right after they crossed the interface (broken lines), and a rotating fluid element.
where g is the gravity acceleration, un the normal velocity of the solid-liquid interface, ϕ its
local inclination angle with respect to the horizontal, and
θ = ρ
ρl
,
ρ (ρl ) being the solid (liquid) density. If the solid-liquid interface remains horizontal (ϕ = 0),
then ωg = 0 and nothing prevents the cap from flowing down the rod when the surface tension
fails to hold the cap, that is, when its size exceeds the rod diameter by more than the capillary
length (which is of the order
√
σ/gρl , where σ is the coefficient of surface tension, σ ≈ 2N/m
for iron at T ≈ 2000K). Things get more complicated when the solid-liquid interface becomes
inclined during the liquid cap evolution. The point is that the local rotation of the liquid el-
ements, generated by the baroclinic effect, tends to roll them up the inclined interface (that
is, the rotation is counterclockwise on the sketch shown in Fig. 13, so that its angular velocity,
ω/2, is positive). Furthermore, the velocity circulation is conserved in an ideal flow (Thomson
theorem), which in the simplified two-dimensional representation of Fig. 13 corresponds to
conservation of ω. On the other hand, the liquid flowing down along the rod has ω of the op-
posite sign. In a truly two-dimensional flow, therefore, the liquid cap would had to “wait” until
this vorticity is decayed by the viscous friction, before it starts to move along an inclined sur-
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Figure 14. Three-dimensional reversal of the fluid vorticity. Wide arrows show leaning over of the fluid
cells, small arrows – local fluid rotation.
face. In the actual three-dimensional situation, however, vorticity may reverse its sign without
assistance of the viscous forces, via fragmentation of the flow into vertical cells leaning over in
the transverse direction, which results in a vorticity flip-over as sketched in Fig. 14. In any case,
the cap motion is comparatively slow as it is driven by the slow ordinary oxygen diffusion and
heat conduction in a laminar flow. In view of this, it can be naturally called the slow onset of
dynamic combustion.
The cap detachment becomes more rapid in the presence of a downward oxygen flow, be-
cause of the viscous drag exerted on it by the gas. Also, if the flow speed is high enough to
turbulize the liquid, the oxygen consumption rate greatly increases because the oxygen trans-
fer through the liquid flow is enhanced by the turbulent pulsations. We then have a fast onset of
dynamic combustion. A quantitative criterion distinguishing the two cases is the minimal shear
stress of the oxygen flow required to compensate the baroclinic vorticity, τ= ηωg (η – dynamic
viscosity of the liquid). Writing τ= ρ0v2∗, where ρ0 is the oxygen density, the friction velocity v∗
can be estimated using the law of the wall discussed in the next section.
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C. The theory of dynamic combustion
The experimental evidence presented in Sec. III B is that in a sufficiently fast oxygen flow,
the slow detachment of a liquid cap from the upper rod end gives way to an entirely different
combustion regime, the dynamic combustion, which is characterized by a rapid consumption
of the metal. The slope of the solid-liquid interface is now large, the liquid mixture of melted
metal and its oxide streaming down along it as is illustrated by the right half of Fig. 10 and
schematized in Fig. 15. The vertical propagation velocity of the interface, u, is a few centimeters
per second, but the liquid flow velocity, v, is much larger – usually by a factor of 10 to 102,
depending primarily on the interface inclination and the oxygen flow speed. By this reason,
the liquid layer thickness, h, is small compared to the interface length, being normally less
than 0.5mm.
As this change of the burning regime is caused by the oxygen flow, it is its interaction with
the liquid metal that drives the combustion process. The main characteristic of this interaction
is the friction velocity v∗ that determines the shear stress exerted on the liquid by the flow, and
which can be estimated using the law of the wall
v0 ≈ 2.5v∗ ln
v2∗d
v0ν0
, (6)
where ν0 is the kinematic viscosity of the oxygen flow. The argument of the logarithm in this
formula is the ratio of the boundary layer thickness and the viscous layer thickness, estimated
as v∗d/v0 and ν0/v∗, respectively. As these are only rough estimates, accuracy of this asymp-
totic formula is only logarithmic, that is, it requires the logarithm be sufficiently large. [It is
known that the mean velocity profile of boundary layer flows at not too large Reynolds num-
bers is often better approximated by a power- rather than the logarithmic law [30]. However,
a few-percent difference between the two approximations is well within the accuracy of the
subsequent applications of Eq. (6).]
The following observation is of major importance for analytical description of the dynamic
stage. The thermal diffusivity of solid iron or steel is about 0.1cm2/s, so that for a sample of
several centimeters in length, the dimensionless ratio uL/χÀ 1. Substituting L = u∆t , where
∆t is the combustion time, we conclude that the dynamic stage is characterized by
u2∆t
χ
À 1. (7)
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Figure 15. Schematics of the upper rod end in the regime of dynamic combustion.
This condition means that during most part of the combustion process the heat transfer can be
treated as quasi-steady in the rest frame of the solid-liquid interface. Indeed, the heat transfer
in the bulk of the sample obeys
∂T
∂t
+ (u∇)T =χ∆T. (8)
If the first term on the left of this equation was larger than the second, during a time of the
order of ∆t (which is the only characteristic time in the rest frame of the solid-liquid interface
held at a constant temperature Tm) the temperature would be appreciably raised at distances
∼√χ∆t from the upper rod end. But then the ratio of the first term on the left of Eq. (8) to the
second would be
√
χ/u2∆t ¿ 1, contrary to the assumption. Therefore, under condition (7)
∂T /∂t can be omitted, and the characteristic thermal length along the rod is actually χ/u, as
found by comparing the second term with the right-hand side of Eq. (8).
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1. Thermal structure of the liquid layer
In view of the smallness of kinematic viscosity of liquid iron, ν≈ 5×10−3 cm2/s,[31] and the
large stream velocity, Reynolds number of the liquid flow is large,
Re= d v
ν
≈ 103−104, (9)
implying that the flow is turbulent. An immediate important consequence is that the oxygen
transport in the liquid is the turbulent diffusion. In contrast to the ordinary diffusion which
under the present conditions might affect only a thin surface layer because of the smallness of
the oxygen diffusion coefficient (D ≈ 10−4 cm2/s at T = 1900K), the turbulent mixing delivers
oxygen into the bulk of liquid metal. This mechanism is sketched in Fig. 16. Turbulent motions
at the liquid metal–oxygen interface enrich the metal breakers with oxygen, which is shown in
the figure as a brightening of the liquid. The thickness of this oxygen-rich region is ∼ ν/v∗,
which is the size of the smallest eddies in the liquid (the corresponding eddies in the gas flow
are of much larger size ν0/v∗). This oxygen is continuously transported from the surface layer
into the bulk by slower eddies, most efficiently by the ones of the largest size h.
Taking into account thinness of the liquid layer, consideration can be simplified by replac-
ing the mean oxygen concentration, c, by its average value c¯ across the layer. Also, the rod can
be replaced by a bar (with a square cross-section) of the same dimension. This is possible by
virtue of the turbulent nature of the liquid flow and the fact that the relation between the layer
thickness and geometry of the solid-liquid interface is ultimately fixed by the overall mass con-
servation. We thus have the following equation for the temperature distribution in the liquid in
the regime of quasi-steady dynamic combustion
χ
∂2T
∂ξ2
+Qwc¯
cp n
= 0, (10)
where the ξ co-ordinate is along the normal to the solid-liquid interface, Q is the heat of iron
combustion, n is the number density of iron atoms, and w is the reaction rate. The latter can
also be taken constant throughout the liquid, for the following reason. In the regime under
consideration, the metal oxide fraction in the liquid mixture is relatively low – it does not exceed
20% [Cf. Eq. (18) below]. The apparent activation energy of iron oxidation, E, in this case is also
comparatively small, about 30kJ/mol [32]. Therefore, the characteristic temperature interval at
the iron melting point (Tm = 1811K)
∆T = RT
2
m
E
≈ 900K
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Figure 16. Schematics of the turbulent oxygen diffusion in the liquid metal in the regime of dynamic
combustion.
is large compared to the temperature difference across the liquid layer, which is normally 100
to 500K, so that the corresponding variation in w is negligible indeed.
The boundary conditions for T (ξ) are
T |ξ=0 = Tm , (11)
∂T
∂ξ
∣∣∣∣
ξ=0
= u cosϕ
χ
(
Tm −T0+Qm
cp
)
, (12)
∂T
∂ξ
∣∣∣∣
ξ=h
= 0. (13)
Equation (13) is the expression of zero heat loss from the liquid to the atmosphere, whereas
Eq. (12) is obtained by integrating the steady equation
−u∂T
∂x
=χ∆T (14)
over the whole solid domain, and taking into account that T |x=+∞ = T0; the temperature and
its normal derivative are constant along the solid–liquid interface; and finally, the heat flux,
−χρcp∂T /∂ξ, has a jump at this surface equal to the mass flux of metal, ρu cosϕ, times the
heat of metal fusion, Qm .
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Solution of Eq. (10) satisfying condition (13) is
T (ξ)= Ta − Qwc¯
2χcp n
(ξ−h)2, Ta = const. (15)
Condition (12) then yields
u cosϕ
hχ
(
Tm −T0+Qm
cp
)
= Qwc¯
χcp n
. (16)
while condition (11) gives the temperature at the liquid surface, Ta , – the apparent temperature
of the upper rod end
Ta = Tm + hu cosϕ
2χ
(
Tm −T0+Qm
cp
)
. (17)
An important consequence of relation (16) is the expression for the metal oxide fraction in the
liquid, f , which can be found as the ratio of the iron oxidation rate, c¯whd 2/cosϕ, to the total
iron consumption rate, ud 2n. It follows from Eq. (16) that
f = Qm + cp (Tm −T0)
Q
. (18)
For iron, Qm = 250J/g, Q = 6000J/g, cp = 0.45J/g·K, so that f = 15.5% for T0 = 300K.
It is to be noted that the meaning of Eq. (18) is essentially integral, in that the value of f is
independent of the actual oxygen distribution across the liquid. In fact, for an arbitrary c(ξ), it
is readily found from Eqs. (10) and (13) that
∂T
∂ξ
= Qw
χcp n
hˆ
ξ
dξ′c(ξ′) .
Equation (12) then again yields Eq. (16) in which now
c¯ = 1
h
hˆ
0
dξc(ξ),
and relation (18) follows as before.
2. Structure of the liquid flow near the solid–liquid interface
As was discussed above, the liquid metal/oxide flow is essentially turbulent. Yet, it must be
laminar in immediate proximity to the solid–liquid interface because of the conditions existing
thereat. This fact is important as it allows one to relate the interface slope to its propagation
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speed. The solid metal moves uniformly (with the speed u in the rest frame of reference of the
interface), while the liquid velocity at the interface is uniquely determined by the conservation
of mass and momentum. Namely, the velocity component normal to the interface increases
by the factor of θ = ρ/ρl , whereas the tangential component is continuous. In the system of
Cartesian co-ordinates (η,ξ) [see Fig. 15], this gives for the liquid velocity v = (vη, vξ)
vη =−u sinϕ, vξ = θu cosϕ at ξ= 0. (19)
These relations represent boundary conditions for the turbulent flow in the bulk of the liquid.
This flow is governed by the continuity and Navier-Stokes equations
divv = 0, (20)
∂v
∂t
+ (v∇)v =− 1
ρl
∇p+g +ν∆v . (21)
Letωdenote the mean vorticity established, through the viscous drag, in the liquid by the exter-
nal oxygen flow,ω= 〈rotv〉. In the steady-on-average flow, this quantity is constant throughout
the liquid layer. This follows from the conservation of velocity circulation and the fact that any
non-uniformity in ω decays due to internal friction. In particular, it has the same value near
the solid–liquid interface where the flow is strictly steady and two-dimensional, and hence is
described by the equations
∂vη
∂η
+ ∂vξ
∂ξ
= 0, ∂vξ
∂η
− ∂vη
∂ξ
=ω, (22)
vη
∂vη
∂η
+ vξ
∂vη
∂ξ
=− 1
ρl
∂p
∂η
+ g sinϕ+ν∆vη , (23)
vη
∂vξ
∂η
+ vξ
∂vξ
∂ξ
=− 1
ρl
∂p
∂ξ
− g cosϕ+ν∆vξ , (24)
where ω is the given constant value of ω = (0,0,ω), and p is the liquid pressure. An obvious
solution of this system reads
vη =−ωξ+const, vξ =−
g sinϕ
ω
, p =−ξρl g cosϕ. (25)
It can be shown that this solution is unique under the condition of vanishing pressure gradient
along the solid-liquid interface (unrestricted liquid flow). As was mentioned, it is valid only
in a vicinity of this interface where the liquid flow is laminar. Now, the first of the boundary
conditions (19) gives const=−u sinϕ, while the second leads to the following relation between
the inclination angle, induced vorticity and the speed of rod burning
tanϕ=−θωu
g
. (26)
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In application to Fig. 10, substitution of d = 0.3cm, ν0 = 0.15cm2/s, v0 = 10m/s into Eq. (6)
gives v∗ = 120cm/s, and thenω=−ρ0v2∗/η=−630s−1. Inserting this together with θ = 1.12 and
the measured value u = 0.8cm/s into formula (26), one finds tanϕ= 0.6, or ϕ≈ 30o.
3. Oxygen concentration in the liquid layer
Oxygen transport in the liquid layer is described by the following equation for the concen-
tration of oxygen atoms, C ,
∂C
∂t
+ (v∇)C =D∆C −wC .
As was already noted, the ordinary diffusion term D∆C can be omitted as it is negligible com-
pared to the turbulent contribution. Decomposing the fluid velocity and concentration into
the mean and fluctuating parts
v = 〈v〉+ v˜ , C = c+ c˜, c ≡ 〈C〉,
and recalling that c = c¯ (see Sec. IV C 1), one finds
∂c˜
∂t
+ (〈v〉∇)c˜+ (v˜∇)c˜ =−w(c¯+ c˜).
Statistical averaging of this equation gives
〈(v˜∇)c˜〉 =−wc¯. (27)
According to the definition of c¯, the left hand side is to be further averaged over the volume V
of the liquid layer. Rewriting the volume integral as a surface integral with the help of the flow
continuity (div v˜ = 0), we obtain
〈(v˜∇)c˜〉 = 1
V
ˆ
V
dV (v˜∇)c˜ = 1
V
ˆ
S
(dsv˜ )c˜, (28)
where ds is the element of the layer surface S, directed outwards of the liquid. Whenever a
turbulent fluctuation shifts the local surface position towards the liquid (as in Fig. 17), that
is (dsv˜ ) < 0, the fluctuation in the oxygen concentration brought in thereby equals to (2c0−
c¯), while for (dsv˜ ) > 0, the fluctuation c˜ = (c¯ − 2c0). Here c0 is the concentration of oxygen
molecules in the ambient gas flow, and the factor of two accounts for the chemical adsorption
of oxygen atoms. Neglecting c¯ in comparison with c0, we thus haveˆ
S
(dsv˜ )c˜ =−2c0
ˆ
S
d s|v˜n | ,
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Figure 17. Schematics of enrichment of the liquid metal with oxygen used in evaluating the integral on
the right of Eq. (28). Shown is a fluctuation of the liquid–gas interface produced by an eddy of smallest
size ν/v∗, v˜ denotes a velocity fluctuation of the order v∗.
where v˜n is the normal to the surface component of fluctuating liquid velocity. By virtue of the
boundary conditions at the liquid–gas interface, this is also the normal velocity component of
the gas flow. Substituting this in Eq. (28), writing V = hS, and putting the result in Eq. (27) yields
the mean oxygen concentration in the liquid
c¯ = 2c0v∗
wh
, v∗ = 1
S
ˆ
S
d s|v˜n | . (29)
The quantity 1S
´
S
d s|v˜n | appearing in this formula is denoted v∗ because it is the velocity fluc-
tuation averaged over the liquid–gas interface, which is nothing but an estimate of the friction
velocity.
Although the above integral calculation is a direct expression of the idea of turbulent trans-
port, it is perhaps worth to relate it to the more conventional differential formulation. In the
latter, the average 〈v˜ c˜〉 is postulated to be proportional to the mean concentration gradient,
〈v˜ c˜〉 =−D t∇c,
D t being the coefficient of turbulent diffusion. The right hand side of Eq. (28) then becomes
− D t
V
ˆ
S
(ds∇c)=−D t
h
∂c
∂ξ
∣∣∣∣
ξ=h
. (30)
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The mean concentration increases from zero to 2c0 between the solid–liquid and liquid–gas
interfaces. Therefore, estimating the concentration gradient by 2c0/h, Eq. (27) gives
c¯ = 2c0D t
wh2
, (31)
and comparison with Eq. (29) yields an expression for the turbulent diffusion coefficient
D t = v∗h.
This expression is obviously in accordance with the view on the oxygen diffusion as a large-eddy
transport of local fluctuations in the oxygen concentration which are caused by the turbulent
velocity pulsations of the order v∗ at the liquid-gas interface.
Normal speed of metal burning
Combining Eq. (29) with Eq. (16) gives the following important expression for the normal
speed of propagation of the solid–liquid interface with respect to the metal, un = u cosϕ, that
is, the local rate of metal consumption,
un = v∗2c0
f n
, (32)
where f is given by Eq. (18). Under normal pressure and temperature, c0 = 2.4× 1019 cm−3,
whereas the density of atoms in the liquid iron n = 7.4×1022 cm−3, so that c0/n = 0.32×10−3;
in the case of Fig. 10 (v0 = 10m/s, v∗ = 120cm/s), Eq. (32) yields un = 0.54cm/s.
Normal speed in the absence of oxygen flow
Since the oxygen gas density is proportional to its pressure, c0 ∼ p0, a self-sustained prop-
agation of the reaction is possible at elevated oxygen pressures, p0, even in the absence of an
oxygen flow. The propagation speed in this case is lower, as the liquid velocity fluctuations
at the liquid–gas interface are now only due to the turbulent motion caused by the decaying
baroclinic vorticity, |v˜n | ∼ ωg h. Substituting this for v∗ in Eq. (32), and using Eq. (5) gives an
estimate for the normal speed
un ∼ θ−1
θ
g sinϕ
un
2c0h
f n
,
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or
un ∼
√
θ−1
θ
2c0hg sinϕ
f n
. (33)
Thus, the normal speed of self-sustained propagation ∼ p1/20 . It is worth recalling in this con-
nection that the same dependence on the oxygen pressure is found when the chemical ad-
sorption (O2 →O+O) of oxygen atoms at the metal surface is the rate-determining step of the
reaction [19]. This circumstance might lead to confusion in experimental determination of the
combustion mechanism. In our experiments, however, the normal burning speed was never
less than a few millimeters per second, just as predicted by the estimate (33). It follows that
the chemical adsorption does not slow down the burning process, though it turned out to be
difficult to make an accurate experimental verification of the p1/20 -dependence because of the
large spread of the data for vanishing oxygen flow speed.
V. BURNING IN OXYGEN FLOWS UNDER ELEVATED PRESSURES
Among the factors appearing in the expression (32) for the normal burning speed, depen-
dence on the oxygen concentration appears to be easiest for experimental verification. How-
ever, our experimental setup does not allow appreciable pressure changes at the oxygen flow
speeds higher than 10 m·s−1. Also, since we are not able to control azimuth of the liquid metal
flow, only in a few instances it was possible to obtain a profile view of the metal flow that would
allow determination of its slope and propagation speed. These are collected in Table I, and Fig-
ure 18 gives an example of these determinations. Experimental precision of each slope or speed
determination is about 1%–2%, but in the absence of statistics for a given pair v0, p0 due to the
reason just mentioned, it is difficult to give an estimate of the total experimental uncertainty.
As to the calculational error, it is primarily due to the error in evaluating the friction velocity. It
can be roughly estimated by noting that if one admits an error as large as a factor of two in the
boundary layer thickness of the oxygen flow, then the relative error in v∗ for, say, 7 m·s−1 flow
speed is ln2/ln(v2∗d/v0ν0) ≈ 20%. As is seen from Table I, the calculated and measured values
for the normal burning speed agree within this accuracy.
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v0 (m·s−1) p0 (atm) v∗ (cm·s−1) uexp(cm·s−1) ϕexp(deg) uexpn (cm·s−1) un (cm·s−1)
3 8.5 45.6 8.5 78 1.8 1.7
3 11.0 45.6 12.7 79 2.4 2.1
7 6.0 89.5 14.6 80 2.4 2.3
7 8.5 89.5 21.3 81 3.4 3.2
7 11.0 89.5 19.0 77 4.3 4.2
Table I. Comparison of the calculated (un) and measured (u
exp
n ) normal propagation speeds of metal
burning at various oxygen flow speeds and pressures.
0 100 200 300 400 500 600 7000
1
2
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4
Figure 18. Measured position of the upper rod end (marks) and its linear approximation (solid line) for
oxygen speed and pressure of 3 m·s−1 and 8.5 atm, respectively. Inset: determination of the solid–liquid
interface slope.
VI. DISCUSSION AND CONCLUSIONS
The results of our study show that the process of iron and mild steel combustion is strongly
affected by the motions of ambient oxygen atmosphere: it turns out to be driven by an axial
28
oxygen flow already at the flow speeds of a few meters per second. The main reason for this
dramatic change in the combustion regime as compared to the burning in a still atmosphere
is the changeover of the oxygen transport through the liquid metal from ordinary to turbulent
diffusion. The small-scale turbulent motions at the liquid–gas interface enrich the melt with
oxygen which is then rapidly redistributed over the whole liquid by larger eddies. The rate of
metal consumption is thus controlled by the rate of this enrichment, which in turn is deter-
mined by the oxygen concentration and its speed. This is quantified by Eq. (32) for the normal
speed of the solid–liquid interface: it is proportional to the oxygen concentration, and up to a
logarithmic factor, to its speed. It is also naturally in inverse proportionality to the fraction of
the metal oxide: the larger this fraction, the lesser rate of metal melting is required to sustain
a steady regime of metal combustion. It is worth to stress in this connection that the process
of oxygen enrichment by the turbulent motions at the liquid–gas interface is autonomous in
that it is independent of the metal consumption rate. It is by this reason that it turned out to be
possible to express the normal burning speed as a function of the oxygen concentration and its
flow speed. This situation resembles that found in premixed flames with high activation energy
of the reaction, in which case the reaction zone within the flame front is well-known to acquire
similar independence of the flame propagation speed.
Formula (18) for the oxide fraction itself deserves further discussion. The point is that this
formula does not involve the speed u or any other dynamical characteristic of the sample burn-
ing. This suggests that its validity is not limited by the quasi-steady condition. Indeed, it is
merely an expression of the fact that the front of combustion – the solid–liquid interface – prop-
agates at constant temperature (the metal melting point), and Eq. (18) just states that ( f Q) is
the heat needed to preheat and melt a unit mass of metal. If, for some reason, the actual frac-
tion would exceed f , an increased heat flux to the solid region would increase the speed of
the interface advancement, bringing more metal into the liquid flow and reducing thereby the
oxide fraction.
The quantitative agreement of the calculated and measured normal burning speeds allows
us to conclude that the theoretical approach developed in Sec. IV C adequately describes the
physics of iron combustion in oxygen flows.
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